Dilaton portal in strongly interacting twin Higgs models by Ahmed, Aqeel et al.
November 14, 2019
Dilaton portal in strongly interacting twin Higgs models
Aqeel Ahmed,1 Barry M. Dillon,2 and Saereh Najjari1
1Theoretische Natuurkunde & IIHE, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium
2Joz˘ef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
aqeel.ahmed@vub.be, barry.dillon@ijs.si, saereh.najjari@vub.be
Abstract:We consider a strongly interacting twin Higgs (SITH) model where an ultra-
violet completion of twin Higgs mechanism is realized by a strongly coupled approximately
scale invariant theory. Besides the Standard Model (SM) and twin sectors, the low energy
effective theory contains a relatively light scalar called a dilaton — the pseudo Goldstone
boson of spontaneously broken scale invariance. The dilaton provides a unique portal be-
tween the SM and twin sectors whose phenomenology could provide an important probe
of the twin Higgs mechanism. As a concrete example, we consider a holographic twin
Higgs model where the role of the dilaton is played by the radion. The phenomenology
of this model is fully determined by a few parameters and our analysis concludes that at
the HL-LHC (14 TeV) and HE-LHC (27 TeV) with 3000/fb most of the natural parameter
space can be probed.
Keywords: Beyond the Standard Model, Neutral Naturalness, Twin Higgs, Composite Higgs,
Scale Invariance, Dilaton/Radion Phenomenology
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1 Introduction
The discovery of the SM-like Higgs boson with a mass of 125 GeV at the Large Hadron Collider
(LHC) [1, 2] has initiated an intense effort in the theoretical physics community to understand
the origin of electroweak symmetry breaking (EWSB). One of the outstanding issues which
we hope to shed light on is the gauge-hierarchy problem. Most of the beyond the SM (BSM)
scenarios addressing this issue typically predict properties of the Higgs boson which are modified
with respect to the SM Higgs boson, as well as a plethora of new physics states at the TeV
scale. Probing the structure of EWSB therefore requires simultaneous considerations of modified
Higgs properties and bounds on new physics states within a given model. In recent years BSM
scenarios have come under increasing tension with the ATLAS and CMS collaborations having
made significant progress in probing the couplings of the Higgs boson to the SM fields, with
all major production modes now observed at more than 5σ significance, and pushing the lower
bounds on many new physics states to the TeV scale.
A particularly intuitive explanation of electroweak symmetry breaking is present in the
composite Higgs paradigm [3–8]. These models employ a strongly coupled gauge theory such
that confinement at the scale Λ∼O(5−10) TeV triggers the spontaneous breaking of a global flavor
symmetry G to a subgroup H. The resulting Goldstone bosons transforming in the G/H coset
include the SM Higgs doublet (for review see e.g. [9–11]). This framework provides an intriguing
possibility to solve the hierarchy problem, however at the cost of introducing new states due to
strong dynamics close to electroweak scale. This runs into several phenomenological problems.
The experimental results from direct searches for top-partners at the LHC [12] and indirect
constraints from EWPT and flavor physics [13] place stringent constraints on these states calling
into question the naturalness of the composite Higgs solution to the hierarchy problem, and thus
poses the little hierarchy problem.
A novel solution to this little hierarchy problem is provided for in the so-called neutral
naturalness paradigm of which the twin Higgs (TH) model [14–16] is the primary example. The
twin Higgs mechanism relies on two important ingredients: (a) the SM Higgs doublet is a pseudo-
Goldstone boson multiplet which emerges due to the spontaneous breaking of a global symmetry
at a scale f , and (b) a Z2 exchange symmetry between the SM and a new ‘twin SM’ which
leads to the cancellation of the leading quadratic divergences in the Higgs potential through
states that are not charged under SM gauge symmetry, i.e. neutral top-partners. In its infancy
the model assumed that each SM field has a corresponding twin state, this is now referred to
as the ‘mirror twin Higgs’ (MTH) model. Since then models have been studied which, despite
being more minimal in the field content, employ the same mechanism and solve or alleviate the
top-partner problem [17–21]. These twin Higgs models are however only valid up to scales of
O(5−10) TeV where they require a UV completion. There are a number of proposals for UV
completions of twin Higgs models, the most compelling of which are the composite/holographic
twin Higgs models [22–27]. In the composite scenarios the twin Higgs mechanism arises as an
effective description of some gauge theory which becomes strongly interacting near the TeV scale,
thus we refer to this as the strongly interacting twin Higgs (SITH) model.
It is the aim of this paper to study the SITH model where the gauge theory in the UV is
approximately scale-invariant. Below the mass scale m∗ associated with the composite states
charged under the SM and twin sectors, these models are described by the SM and its mirror
copy which are connected through a Higgs portal. Due to the twin Higgs mechanism the strong
dynamics scale m∗ can naturally be above the reach of the LHC without introducing fine tuning
in the SM Higgs potential [23–25]. A modest choice of m∗∼O(5) TeV can put the new states
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associated with the strong dynamics out of reach at the LHC. However, the flavor and EWPT
constraints still require much higher scales 1, which can not be pushed arbitrarily high for fixed
value of f due to perturbativity constraints, i.e. m∗.
√
2pif [29]. However, if the new strong
dynamics is conformal in the UV then the flavor scale can be well separated from the twin Higgs
symmetry breaking scale f . This scenario is motived by the proposal of alleviating flavor problem
in technicolor models [30]. Alternative possibility is that the SM and twin sector fermions
acquire mass through mixings with heavy composite states, and hierarchical couplings in the
flavour sector are explained through the renormalization group evolution (RGE) of the couplings
from the UV [31]. In this scenario the top quarks of both the SM and twin sectors are mostly
composite, whereas the light fermions are mostly elementary. The gauge bosons of the twin
Higgs model are external to the conformal field theory (CFT), and the SM Higgs boson in this
scenario is a composite pseudo-Goldstone state.
The approximate scale invariance in the SITH model is broken spontaneously near the scale
f at which the global symmetry G is spontaneously broken. In the low energy effective field
theory (EFT), besides the SM and its twin copy, we will thus have:
(i) a relatively light scalar, the dilaton; this is the pseudo-Goldstone boson associated with
the spontaneous breaking of scale invariance,
(ii) a new portal between the SM and twin sectors, mediated by the dilaton.
The scale invariance is broken spontaneously at scale ΛF =4piF by confinement in the strongly
coupled theory, where in low energy the symmetry is realized nonlinearly by the dilaton with
vacuum expectation value (VEV) denoted by F [32]. The couplings of the dilaton to the SM
and twin sector states can be determined purely by symmetry considerations. More specifically,
in the infrared (IR) these couplings can be calculated in terms of: (a) the explicit breaking of
scale invariance in the UV, and (b) the mass dimensions of the operators in the IR EFT. The
phenomenology of the dilaton and the more formal aspects related to the dilaton potential have
received a lot of attention in recent years [33–38]. Of most relevance to this work are the studies
of dilaton phenomenology in composite SM extensions [39–42]. What makes this an interesting
consideration is that the dilaton acts as a portal between the SM and the twin sectors and, unlike
the Higgs portal, it couples to the both sectors with similar strength 2.
As a tool in deriving predictions from such a construction, we will use a holographic 5D
set-up, where the AdS/CFT correspondence [45] is used to provide the link between the AdS
Randall-Sundrum (RS) models [46–51] and strongly coupled scale invariant extensions of the
SM. Holographic techniques have been used in many studies of composite Higgs models to pro-
vide a consistent and calculable framework [6–8] for phenomenology and for predicting relations
between the masses and couplings of different states. In the context of the twin Higgs mech-
anism the holographic realizations are studied in [23, 26, 27]. In the holographic picture the
field content exists in a 5D spacetime bounded by two D3-branes, and in the bulk there is a
negative cosmological constant inducing an AdS curvature which warps 4D energy scales along
the extra dimension. The bulk fields are dual to primary operators of the CFT. The brane at
the IR end of the extra dimension, the IR brane, is associated with the confinement of the new
gauge-fermion system of the 4D model. While the other brane, the UV brane, is associated with
the states external to CFT. The global symmetries on each brane must respect this correspon-
1The SITH models are already helping with the flavor constraints when compared to the conventional composite
Higgs models for the same level of fine tuning [28]. This is due to the fact that the masses of the new states that
are problematic in flavor physics are pushed up by a factor ∼ g∗ ≡ mKK/f without introducing extra fine tuning.
2The scalar, fermion and vector portals between the SM and twin sectors are studied in [43, 44], where the
scalar portal is induced through its mass mixing with the Higgs, which is very different than a dilaton portal.
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dence. The 5D fields in the bulk each give rise to a tower of massive 4D Kaluza-Klein (KK)
modes. It is the presence of the IR brane that induces this mechanism, thus it is associated
both with the spontaneous breaking of G and the spontaneous breaking of the approximate scale
invariance. Fluctuations in the position of the stabilized IR brane are identified with a physical
field, the radion [52], which through the AdS/CFT correspondence is associated with the dilaton
in 4D [47]. Therefore holography presents a consistent and predictive framework in which to
study the interplay between the dilaton and composite twin Higgs sectors.
It is important to emphasize that the holographic models also permit an elegant description
of the partial compositeness, with the SM and twin sector fermions having exponentially localized
wavefunctions in the bulk entirely controlled by a 5D mass parameter [48, 49]. The composite
states (vector-like KK fermions and KK bosons) and the Higgs field have wavefunctions localized
in the IR, therefore through the 5D mass parameters one can control the couplings of the SM
fermions to these states. Note that O(1) variations in the 5D mass parameters for the SM and
twin fermions corresponds to exponential shifts in their couplings to both the Higgs and the
composite states. This allows for natural exponential hierarchies in the flavour sector and for a
natural suppression of KK-mediated flavour violating couplings for lighter fermions.
The paper is structured as follows: In the next section we present an effective theory for the
SITH model with an approximately scale invariant UV description, where we give a brief overview
of the model and introduce the dilaton field as a nonlinear realization of the spontaneously broken
scale invariance. We then present the EFT predictions for the dilaton couplings to the light fields
within the model and in Sec. 3 we implement the holographic realization of the SITH model.
Finally, in Sec. 4 we present a detailed phenomenological study of the dilaton portal SITH model,
where our analysis is based on the LHC Run-2 data for direct searches and indirect constraints
on the model parameters. We present our conclusions in Sec. 5. We supplement the work with
an appendix A containing the Feynman rules of three point vertices in the model .
2 Effective field theory of the SITH
We consider a SITH model where the UV completion is approximately scale invariant. To study
the low energy phenomenology we use an EFT where heavy composite states have been integrated
out. In the effective Lagrangian we are then left with just the SM states, the twin states, and
a light pseudo-Goldstone boson associated with the spontaneous breaking of approximate scale
invariance, the dilaton.
2.1 The SITH model
We assume that the Higgs field arises as a pseudo-Goldstone boson of an approximate SO(8)
global symmetry, spontaneously broken to SO(7) at the scale f [23–25]. This global symmetry
is broken explicitly by couplings of the SM and twin SM matter fields with the Higgs doublet,
which in the end results in a loop-induced potential for the Higgs doublet. We parameterize this
spontaneous breaking by acquiring VEV with the field
Σ = Σ0e
iΠ/f , where Π =
√
2haˆT aˆ, and aˆ = 1, . . . , 7, (2.1)
where Σ0 ≡ 〈Σ〉 = f(0, 0, 0, 0, 0, 0, 0, 1)ᵀ, T aˆ are the broken generators of SO(8)/SO(7) coset,
and haˆ are the corresponding seven Goldstone bosons. The specific global symmetry for the
electroweak sector in this model is
SO(8)× U(1)X × U(1)Xˆ ⊃ SO(4)× SO(4)× U(1)X × U(1)Xˆ
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' SU(2)L × SU(2)R × SU(2)Lˆ × SU(2)Rˆ × U(1)X × U(1)Xˆ . (2.2)
The two SO(4) groups correspond to the custodial groups for the SM Higgs and the twin Higgs
doublets, and hatted indices on the subscripts imply that the subgroup is associated with the
twin sector. From this global symmetry we can gauge subgroups corresponding to the spin-1
fields of the SM and twin sectors. We gauge SU(2)L×U(1)Y and its twin SU(2)Lˆ×U(1)Yˆ , where
the SM and twin hypercharges are defined as Y = T 3R +
4
3X and Yˆ = T
3
Rˆ
+ 34Xˆ, respectively. As
SO(8) is spontaneously broken to SO(7), the SO(4) subgroup corresponding to the custodial
symmetry of the twin Higgs is broken to SO(3). This means that there will be a heavy radial
mode from the breaking corresponding to the twin Higgs doublet, and a massless Goldstone
SO(4) multiplet corresponding to the SM Higgs doublet. The radial mode of the twin Higgs
doublet is integrated out along with other heavy composite states 3. In the unitary gauge, six of
the Goldstone bosons are ‘eaten’ by the SM and twin weak gauge bosons (W±, Z, Wˆ±, Zˆ) and
the Σ field takes the form
Σ = f (0, 0, 0, sh, 0, 0, 0, ch)
ᵀ , with sh ≡ sin(h/f), ch ≡ cos(h/f), (2.3)
where h ≡
√
2H†H is the Higgs boson, and H is the SM Higgs doublet under SU(2)L.
The model also requires a twin QCD sector with the same gauge coupling as the SM QCD.
This is achieved through embedding the SM QCD and its twin copy in a global SU(7) symmetry
[23], and then gauging the subgroup SU(3)c×SU(3)cˆ. The SM QCD gauge group is described
by SU(3)c while SU(3)cˆ describes twin QCD. The SM and twin matter fields are introduced
as being external to the strongly coupled sector. To write down interactions between the SM
and twin matter fields we must embed them in same representation of the global symmetries.
Therefore SM and twin matter fields of the same species are embedded in the same multiplet,
giving rise to the Z2 symmetry between the two sectors which results in the softening of the
Higgs potential described in the introduction. The embeddings of the SM and twin quarks in the
SO(8) global symmetry are QL/QˆL ∈ 8, tR/tˆR ∈ 1, and bR/bˆR ∈ 28, with each of them being
embedded in a 7 of SU(7) [23]. It is straight-forward to check that under the decomposition
of SO(8) in Eq. (2.2) these embeddings result in SM and twin states with the correct quantum
numbers. There are heavy resonances associated with the composite sector at a scale m∗ which
are charged under both the SM and twin sectors. We define the scale m∗ ≡ g∗f with g∗ being
the strong coupling of the composite sector which has the generic size 1 . g∗ . 4pi.
Below scale m∗ the model is described by the following EFT,
LTH = −1
4
∑
i
(
Fµνi Fiµν + F
µν
iˆ
Fiˆµν
)
+
∑
ψ
(
iψ¯ /Dψ + i
¯ˆ
ψ /Dψˆ −mψψ¯ψ −mψˆ
¯ˆ
ψψˆ
)
+
1
2
∑
V
(
m2V V
µVµ +m
2
Vˆ
Vˆ µVˆµ
)
+
1
2
(∂µh)
2 − V (h2)
+
∑
V
(
vchiiA
µ
i Aiµ + vchiˆˆiA
µ
iˆ
Aiˆµ
)
h−
∑
ψ
(
vyψψ¯ψ + vyψˆ
¯ˆ
ψψˆ
)
h+ . . . , (2.4)
where i = (W±, Z, γ, g) and V = (W±, Z) for the SM gauge boson and, similarly, the hatted
states correspond to the twin sector gauge bosons 4. We have chosen ψ to run over all SM
3In weakly coupled twin Higgs scenarios the radial mode can be relatively light. The phenomenology of such
state is considered in Refs. [53, 54].
4The cosmology of the mirror twin Higgs models introduces some problems which can be addressed either by
additional Z2 breaking [55, 56] or by completely decoupling the light states from the twin sector which do not
contribute in alleviating the quadratic divergences of the SM Higgs [17]. This issue does not directly influence
our results therefore we do not discuss it further.
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fermions, with ψˆ representing the twin fermions, and we have integrated out the twin Higgs
radial mode. The ellipsis above represent higher order interactions among the light states. Note
that the masses of the SM and twin states are related as,
mtwin =
vˆ
v
mSM, where vˆ ≡
√
f2 − v2. (2.5)
Reproducing the masses of the SM electroweak gauge bosons fixes their interactions with the
Higgs boson, i.e.
chV V =
√
1− s2〈h〉gSMhV V , chVˆ Vˆ = −
√
1− s2〈h〉gSMhV V , with s〈h〉 ≡
v
f
, (2.6)
where gSMhV V is the SM Higgs gauge bosons coupling. The scale f is determined by the Higgs
potential in Eq. 2.4 and is expected to be in the range ∼ [600−1200] GeV so as to not introduce
unacceptable levels of fine-tuning. Note that in the above Lagrangian we have not included any
light vector-like top-partner quarks which are usually present in composite Higgs models. This is
because in the twin Higgs paradigm these light top-partners are not required in order to have a
light Higgs without fine-tuning, this is instead achieved through the presence of the twin states,
and the Z2 symmetry between the SM and twin states in the unbroken electroweak phase. More
details on the masses and couplings in the effective Lagrangian will be discussed in Section 3
where an explicit derivation is discussed.
2.2 A light dilaton in the SITH
As mentioned above, we assume approximate scale invariance in the UV strongly coupled model
underpinning the twin Higgs mechanism, where at the scale ΛF the scale invariance is sponta-
neously broken. This scale is determined entirely by the UV dynamics, and is expected to be
close to the scale Λf =4pif . The spontaneous breaking of approximate scale invariance gives rise
to a light pseudo-Goldstone boson, the dilaton φ(x). Below the scale ΛF the approximate scale
invariance is nonlinearly realized, such that under the scale transformation xµ → x′µ = e−λxµ,
the dilaton undergoes a shift φ(x) → φ′(x′)=φ(x) + λF , where λ is the scaling parameter. We
can then write the dilaton field as a ‘conformal compensator’,
χ(x) = Feφ(x)/F , (2.7)
such that it transforms linearly under the scale transformation, i.e. χ(x)→ χ′(x′)=eλχ(x). The
VEV of χ(x), i.e. 〈χ(x)〉≡F , sets the scale of spontaneous conformal symmetry breaking. This
is useful in order to derive the low energy interactions between the dilaton and the twin Higgs
sector.
Under a scale transformation xµ → x′µ = e−λxµ an operator Oi(x) with scaling dimension
∆i transforms as,
Oi(x)→ O′i(x′) = eλ∆iOi(x). (2.8)
One can then construct a scale invariant effective theory containing operators with [∆] 6= 4 and
the appropriate conformal compensator factors χ/F . Without specifying the details of the UV
strongly coupled theory we can derive the structure of the interactions in the effective theory
through consideration of operator dimensions in the UV and IR, i.e. the UV description and the
effective twin Higgs description. The general form of the approximately scale invariant SITH
Lagrangian is
L = LCFT + Ldef + LelemSM + LˆelemTS + Lmix, (2.9)
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where LCFT is the CFT Lagrangian and LelemSM (LˆelemTS ) is the SM(twin) Lagrangian with elementary
fields. Whereas, the Ldef captures the dynamics that explicitly break scale invariance and has
the general form,
Ldef =
∑
i
gUVi (µ)OUVi (x) (2.10)
with OUV being the primary operators which exhibit explicit breaking of scale invariance in the
UV, i.e. ∆UVi 6= 4. The Lagrangian Lmix includes the mixing of the SM OSMi and twin sector OTSi
operators with the CFT composite OCFTi operators and can be written as,
Lmix =
∑
i
yi(µ)OSMi (x)OCFTi (x) +
∑
i
yˆi(µ)OˆTSi (x)OCFTi (x) . (2.11)
In the following we confine ourselves to a low energy effective theory of this model and for more
formal discussion of the CFT dynamics we refer the readers to Refs. [35–37].
Assuming approximate scale invariance in the UV a consistent low energy effective theory
can be formulated by appropriately incorporating the conformal compensator factors in the
effective Lagrangian to ensure the restoration of scale invariance. In the SO(8)/SO(7) SITH
model considered here this restoration occurs through the rescaling f → f χ/F , such that the
nonlinear sigma model condition becomes |Σ|2 = f2 χ2/F2. Therefore the kinetic term for the
nonlinear sigma model would become,
1
2
(DµΣ)
†(DµΣ)→ 1
2
(DµΣ)
†(DµΣ)
(χ
F
)2
, (2.12)
where Dµ is the covariant derivative in the twin Higgs model. Note that in our conventions h/f
has zero (classical) scaling dimension, therefore it would not require a conformal compensator
factor. After adopting this scheme one can write down an effective theory where all the heavy
resonances of the strong dynamics are integrated out and in the low energy theory one recovers
a twin Higgs model with a light dilaton φ(x). The explicit breaking of scale invariance in the UV
generates a mass for the dilaton, we assume this breaking to be small which translates to the
assumption that mφF . Note that the explicit breaking of the scale invariance can be naturally
small, if the operators responsible for explicit breaking are nearly marginal or their couplings are
small, see e.g. [33–37, 39]. In this work we consider the case of near marginal deformations, i.e.
operators in the UV with scaling dimensions ≡ 4 − ∆ 1. Furthermore, we assume that the
beta function for the couplings of these operators do not grow large in the IR, i.e. β(gUV)∼ .
These two properties ensure a relatively light dilaton whose mass squared is proportional to ,
i.e. m2φ ∼ F2 [34]. In this work we assume the mass of the dilaton as a free parameter and
require mφF .
To capture the physics associated with the dilaton portal between the SM and twin sector
we consider operators up to dimension five. We write the effective SITH model with the dilaton
as,
L = LTH + Ldilaton + Lportal, (2.13)
where LTH is the Lagrangian containing for the SM and the twin sector given in Eq. (2.4). The
dilaton Lagrangian is
Ldilaton = 1
2
∂µχ∂
µχ− Veff(χ) = 1
2
∂µφ∂
µφ− 1
2
m2φφ
2 + · · · , (2.14)
where the ellipses in Eq. (2.14) denote higher order dilaton self-interactions, and the effective
potential has the form,
Veff(χ) =

4
χ4
[
ln
( χ
F
)
− 1
4
]
. (2.15)
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For detailed discussion on the form of the effective dilaton potential see e.g. Ref. [35]. In the
following we summarize the dilaton interactions with the SM and twin sector fields, where we
neglect terms proportional to  = m2φ/F2.
Couplings to massive gauge bosons: The coupling of the dilaton to the massive gauge
boson of the SM and twin sectors arise from the gauge covariant kinetic term of nonlinear Σ
field (2.12),
1
2
(χ
F
)2
(DµΣ)
†(DµΣ).
In the unitary gauge and working to linear order in the dilaton field, we get
Lportal ⊃ φF
[
2m2WW
+
µ W
−µ +m2ZZµZ
µ + 2m2
Wˆ
Wˆ+µ Wˆ
−µ +m2
Zˆ
ZˆµZˆ
µ
]
. (2.16)
Here the mass terms capture the explicit breaking of scale invariance.
Couplings to massless gauge bosons: The dilaton couplings to massless gauge bosons in
both sectors are associated with the breaking of scale invariance due to the running of the gauge
couplings and are given by,
Lportal ⊃ φF
[
αqcd
8pi
beffg G
a
µνG
aµν +
αem
8pi
beffγ FµνF
µν +
αem
4pi
beffZγFµνZ
µν
+
αˆqcd
8pi
bˆeffgˆ Gˆ
a
µνGˆ
aµν +
αˆem
8pi
bˆeffγˆ FˆµνFˆ
µν +
αˆem
4pi
bˆeff
Zˆγˆ
FˆµνZˆ
µν
]
, (2.17)
where bi terms are the beta function coefficients, defined as βi(gi) = big3i /(16pi
2). In this model
they are given as
beffg = b
<
3 − b>3 , bˆeffgˆ = bˆ<3 − bˆ>3 ,
beffγ = b
<
em − b>em, bˆeffγˆ = bˆ<em − bˆ>em,
beffZγ = (b
<
2 − b>2 )/tθ − (b<1 − b>1 )tθ, bˆeffZˆγˆ = (bˆ<2 − bˆ>2 )/tθˆ − (bˆ<1 − bˆ>1 )tθˆ,
(2.18)
where b3, b2, b1 are the beta-function coefficients for the SU(3)c, SU(2)L, U(1)Y gauge groups,
respectively. We have also defined bem≡ b1 + b2 and tθ ≡ tan θW , with θW being the Weinberg
angle. The b<i and b
>
i above correspond to the IR and UV contributions to the beta-function
coefficients for the energy scales 0 ≤ µ ≤ ΛIR and ΛIR ≤ µ ≤ ΛUV, respectively. The specific
values of the bi coefficients are model dependent, and in the next section we will present a UV
complete holographic model in which these coefficients can be calculated.
Couplings to partially composite fermions: Partial compositeness requires that the ele-
mentary fermions Q,U mix with the states associated with the strong dynamics operators Q,U ,
as
Y iαQ QiQcα + YβjU UβU cj + h.c., (2.19)
where α, β = 1, 2, 3 and YQ are the mixing matrices. The strong sector fermionic operators
Q,U transform as 8 and 1 under the SO(8) symmetry with scaling dimensions ∆Q and ∆U ,
respectively. At the linear order in dilaton field, the dilaton couplings to partially composite
states are given by,
Lportal ⊃ −φ
f
[
mij [∆Q + ∆U − 4]qiucj + mˆij [∆Q + ∆U − 4]qˆiuˆcj , (2.20)
where mij and mˆij are mass matrices for the light SM and twin sector fermions, respectively.
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Couplings to SM-like Higgs boson: The dilaton couplings to the SM-like Higgs boson,
which is a fully composite state, can be obtained from the kinetic term of the nonlinear Σ field
at the linear order in the dilaton field,
Lportal ⊃ φ
f
[
∂µh∂
µh+ 2m2h h
2
]
, (2.21)
where the explicit scale invariance breaking effects to the kinetic and mass terms of the Higgs
are assumed to be small compared to the leading terms 5 and hence neglected. The dilaton-Higgs
kinetic and/or mass mixing terms are model dependent [35] and in the models considered here
they are small enough to be neglected, as we will discuss in the next section.
3 A holographic SITH model
In this section we present an explicit example where the dilaton portal is realized in the twin Higgs
model and we calculate the interactions of the dilaton to the SM and twin sector states. The
model we consider is the 5D holographic UV completion of the twin Higgs mechanism [23], with
the radion field taking the role of the dilaton. The effective theory is derived using holographic
methods and will involve the same global symmetry structure presented in Sec. 2. Therefore
we expect the effective theory to have the same structure, however with the advantages of
calculability provided by the holographic model.
The holographic twin Higgs model [23] consists of an RS geometry (see Fig. 1) with a bulk
gauge symmetry, G=SU(7)×SO(8)×Z2, which is broken on the IR brane toH1 =SU(7)×SO(7)×Z2
and on the UV brane to H0 =[SU(3)c×SU(2)L×U(1)Y ]×[SU(3)cˆ×SU(2)Lˆ×U(1)Yˆ ]×Z2. The
QCD gauge group and its twin arise through SU(7) ⊃ SU(3)c × SU(3)cˆ × U(1)X × U(1)Xˆ ,
with the hats representing the twin groups. The electroweak gauge group and its twin then arise
through SO(8) ⊃ SO(4)×SO(4) ' SU(2)L×SU(2)R×SU(2)Lˆ×SU(2)Rˆ, with SM hypercharge
and twin hypercharge being defined as Y = T 3R +
4
3X and Yˆ = T
3
Rˆ
+ 43Xˆ. Because the SM and
twin fields arise from the same bulk gauge group, their bulk gauge couplings are identical. The
breaking of SO(8) to SO(7) on the IR brane gives rise to seven Goldstone bosons, four of these
transform as a bi-doublet of the SM sector SU(2)L×SU(2)R and assume the role of the SM
Higgs doublet, while the other three are eaten (in the unitary gauge) by the twin gauge bosons
(Wˆ±, Zˆ) of the gauged SU(2)Lˆ×U(1)Yˆ . The twin Higgs radial mode, which spontaneously breaks
SO(8) to SO(7) at the scale f , is integrated-out of the low-energy effective theory by using the
boundary conditions. The bulk global symmetry is broken explicitly on the UV brane through
the gauging of SM and twin sector gauge symmetries, which in turn generates a non-trivial SM
Higgs potential. It was shown that a realistic implementation of EWSB can be achieved with
m∗=mKK∼O(5) TeV. The measured SM-like Higgs boson mass can be reproduced in the model
with the inclusion of a Z2 breaking term [23], we will therefore keep the Higgs mass fixed and
focus on the unexplored phenomenology of the dilaton portal in this SITH model.
The holographic model employs a 5D RS geometry which enforces an exponential hierarchy
in scales through an extra dimension with an Anti-de Sitter (AdS) background. The extra
dimension is bounded by two D3-branes whose tensions ensure 4D Poincare invariance at every
5The explicit scale invariance breaking effects for the psuedo-Goldstone Higgs depend on the SITH model and,
in particular, the details of the Z2 soft breaking terms in the model. For phenomenological purposes, in Sec. 3 we
employ a holographic twin Higgs model [23], where such Z2 breaking terms are introduced holographically and
the parametric running effects on these terms are assumed to be small. For our purposes here we assume these
terms do not introduce large explicit scale invariance breaking effects to the SM Higgs potential.
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Figure 1: A pictorial depiction of holographic twin Higgs which employs five dimensional RS geometry
with a bulk gauge symmetry G which is broken on the UV-brane to H0 and on the IR brane to H1.
point in the bulk, i.e. the space between the branes, see Fig. 1. The metric describing this
warped extra dimension is
ds2 = e−2kyηµνdxµdxν − dy2, (3.1)
with k is the curvature scale and y being the extra dimensional coordinate. The branes cut
off the extra dimension at y = 0 and y = L, and we refer to these as the UV- and IR-branes,
respectively. Fields can live either on the branes or in the whole 5D bulk, and may have different
localizations determined by the Lagrangian describing their dynamics. The presence of the
branes means that each field in the bulk can be decomposed through a Kaluza-Klein (KK)
decomposition into discrete 4D mass eigenstates. Aside from a possible massless zero mode,
the lightest of these modes will be near the KK scale, mKK ≡ 2k e−kL, with the exact mass
spectrum depending on the field’s spin and the 5D mass term. The AdS/CFT correspondence
relates the RS model to a strongly coupled gauge theory in 4D, whose conformal invariance is
spontaneously broken near the KK scale, which in turn is dictated by the position of the IR
brane. In building a holographic/composite Higgs model which renders the Higgs sector natural
we expect the position of the IR brane to be at L ≈ 35/k (if k ∼ MPl) such that the KK scale
is close to O(TeV).
Without a mechanism to dynamically fix the position of the IR brane a massless state, called
the radion, exists in the spectrum and corresponds to fluctuations of the inter-brane distance
L. In the dual picture, via AdS/CFT duality, this state corresponds to a Goldstone boson as-
sociated to spontaneous breaking of the scale/conformal invariance of the 4D CFT theory —
the dilaton [42, 47]. We employ the well-known Goldberger-Wise stabilization mechanism [52]
to dynamically fix the position of the IR brane, which in turn gives rise to a mass for the dila-
ton/radion state. The Goldberger-Wise mechanism employs a bulk scalar field whose potential
is minimized for some finite value of the extra dimensional length L. The Einstein-Hilbert action
for such a set-up can be written as
S =
∫
dx4
∫ L
0
dy
√−g
[
2M3∗R−
1
2
gMN∂MΦ∂NΦ− V (Φ)
]
, (3.2)
where gMN is the 5D metric, g is its determinant, M∗ is the 5D Planck mass, R is the Ricci
scalar, and Φ is the Goldberger-Wise field.
Fluctuations around the background metric give rise to spin-0, spin-1, and spin-2 degrees
of freedom. However the presence of the branes induces a spontaneous symmetry breaking
mechanism that effectively results in the massive spin-2 modes eating the spin-1 and spin-0
degrees of freedom. In the end we are left with a massless spin-0 field (the radion), a massless
spin-2 field (the graviton), and a tower of massive spin-2 fields (the KK gravitons) with masses
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of order mKK. We describe the perturbed metric by gMN = g¯MN + hMN where g¯MN is that
described by Eq. (3.1). To study the fluctuations one starts from the Einstein equation with
the energy-momentum tensor for the SM and twin fields, the Goldberger-Wise field, and any
other additional field content. A perturbation series in hMN is then performed and the couplings
linear in the radion and KK graviton are extracted. Since we are only interested in the radion
fluctuation we can parameterize the perturbed metric with
ds2 = e−2ky(1− 2φˆ)ηµνdxµdxν − (1 + 4φˆ)dy2, (3.3)
where φˆ(x, y) is the radion 5D field. The physical radion is a mixture of the metric fluctuation
and the Goldberger-Wise field Φ(x, y), however the component of the Goldberger-Wise field is
typically negligible and we will assume that limit here.
Decomposing the radion field into its 4D and 5D components as φˆ(x, y) = φ(x)fφ(y) it is
found that, in the zero back-reaction limit, the equation of motion for 5D profile of the radion is
∂25fφ(y)− 2k∂5fφ(y) = 0, (3.4)
and its solution is fφ(y) = e2ky/F , where F is a constant set by the VEV of the radion/dilaton
field. We will not provide a thorough review of the Goldberger-Wise mechanism here, and we
will simply assume for phenomenological reasons, that the mass of the radion is a free parameter
and that the backreaction induced onto the RS metric from the stabilization mechanism is
negligible 6. This is justified through our assumption that the radion/dilaton mass is much
smaller than the KK scale, i.e. mφmKK, in accordance with the assumptions of the previous
section if mKK ∼ F .
The mass of the radion induces a correction to this 5D profile fφ(y) of the order m2φ/m
2
KK
at the very most and therefore we will neglect it in the following analysis. The kinetic term of
the radion is normalized with F2 = 12M3∗
∫ L
0 dy e
−2ky, hence
F '
√
6MPl e
−kL =
√
3
2
MPl
k
mKK , (3.5)
where the 4D Planck mass MPl is related to the 5D Planck mass M∗ and the curvature scale k
as M2Pl ' M3∗ /k. Note that the mass dimension [φˆ(x, y)] = 0, however [F ] = 1 and [φ(x)] = 1.
Once the extra dimension has been integrated out it is generally found that the radion couplings
to massive particles scale as mX/F where mX is the mass of the particle X in question. This
limit is exact when the SM fields all reside on the IR brane, however here we allow for the fields
to propagate into the bulk, for a more complete treatment on the coupling of the radion to bulk
fields, see e.g. [42]. Despite the radion being neutral it also couples to massless gauge fields via a
coupling to the field strength tensor, this arises both through loops of charged matter fields and
through the so-called scale anomaly.
An important feature in RS models of EWSB is usually the inclusion of a Higgs-radion
mixing term on the IR brane, while such a term on the UV brane is allowed but would be
exponentially suppressed by the wavefunction overlaps. In the case of a pseudo-Goldstone Higgs,
as in the twin Higgs models, this term can only be induced at the loop level since the boundary
conditions on the IR brane are invariant under the global symmetry. This invariance implies
that any tree-level coupling between the Ricci scalar (from which the radion arises) and the
pseudo-Goldstone Higgs is forbidden. The size of such a term was estimated in [35, 60] to be
∼m2h/f2 at one-loop, and assuming current bounds of f/v& 3 [53, 54] we determine that in a
6The radion phenomenology has been studied extensively without twin sector scenarios, see e.g. [57–61].
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pseudo-Goldstone Higgs scenario this term is negligible and hence we neglect such mixing in this
work.
Neglecting the radion field for now, we write down the effective Lagrangians for the interac-
tions between the Higgs, top sector, and gauge fields in the holographic SITH model:
Lg = 1
2
PµνT
[
W+µ
(
ΠW0 +
s2h
2
ΠW1
)
Wµ− + Zµ
(
ΠW0 +
s2h
2c2W
ΠW1
)
Zµ +AµΠ
A
0 A
µ +GaµΠ
G
0 G
µa
]
,
Lgˆ = 1
2
PµνT
[
Wˆ+µ
(
ΠW0 +
c2h
2
ΠW1
)
Wˆµ− + Zˆµ
(
ΠW0 +
c2h
2c2W
ΠW1
)
Zˆµ + AˆµΠ
A
0 Aˆ
µ + GˆaµΠ
G
0 Gˆ
µa
]
,
Lf = t¯Lp
(
Πq0 +
s2h
2
Πq1
)
tL + t¯RpΠ
t
0tR −
M t1sh√
2
(t¯LtR + tLt¯R),
Lfˆ = ¯ˆtLp
(
Πq0 +
c2h
2
Πq1
)
tˆL +
¯ˆtRpΠ
t
0tˆR −
M tˆ1ch√
2
(¯ˆtLtˆR + tˆL
¯ˆtR),
(3.6)
where cW is the cosine of the Weinberg angle, and sh≡sin(h/f) and ch≡cos(h/f) parameterize
the Higgs boson interactions when the Higgs field is nonlinearly realized. Note that we have
assumed the same embeddings of SM and twin fermions in the global symmetry as indicated in
section 2. The form factors ΠW,A,G,q,t0,1 and M
t,tˆ
1 are calculated using 5D holographic techniques
and can be found in [26, 62]. The form factors contain poles at the masses of the heavy com-
posite/KK states, however in studying the phenomenology below the TeV scale we need only to
look at the low energy behavior of these form factors to extract the couplings to the Higgs boson
and the radion. At low momenta the gauge field form factors can be approximated as
ΠW0 = Πˆ
W
0 =
p2E
g25k
kL, ΠW1 = Πˆ
W
1 = −
m2KK
2g25k
,
ΠA0 = Πˆ
A
0 =
p2E
g25ks
2
W
kL, ΠG0 = Πˆ
G
0 =
p2E
gc25 k
kL,
(3.7)
where we use the Euclidean momenta pE . The 5D gauge couplings are then related to the
4D gauge couplings via g = g5/
√
L for the electroweak gauge coupling, and similarly for the
others. Imposing the nonlinear sigma model form factor relation Π1(pE =0)=−f2/2, we get an
expression for the KK resonance masses mKK in terms of the decay constant f of the twin Higgs
field and the effective strong coupling,
mKK = g∗f , where g∗ ≡ g
√
kL. (3.8)
In order to have the scale of the IR brane O(TeV) one requires kL ≈ 35 which already sets
g∗ ' 6g with g being the SM gauge coupling. However g∗ can be treated as a free parameter to
fix the scale of mKK for a given value of f . This allows us to write the dilaton/radion VEV F
in terms of the scale f and the 5D parameters through the use of Eq. (3.5),
F =
√
3
2
MPl
k
g∗ f . (3.9)
Note in deriving the above relations we have made use of the fact that the SM and twin gauge
and Yakawa couplings are exactly equal. Fixing the masses of the electroweak gauge bosons to
their measured values we see that the VEV of the pseudo-Goldstone Higgs field is related to the
SM Higgs VEV and the decay constant through
s〈h〉 =
v
f
. (3.10)
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Figure 2: Spectrum of the dilaton portal holographic mirror twin Higgs model.
The mass spectrum of the KK gauge fields are encoded in the poles of the form factors, however
these are typically above the TeV scale with the exception of the lowest laying (zero-) modes of
the SM and twin gauge fields. The masses of the lightest twin electroweak bosons are
m2
Wˆ
=
g2
4
(f2 − v2) = vˆ
2
v2
m2W , m
2
Zˆ
=
g2
4c2W
(f2 − v2) = vˆ
2
v2
m2Z . (3.11)
The low energy form factors for the quarks are more complicated due to the 5D mass parameters,
however the lightest (zero-mode) twin fermion masses can be expressed straightforwardly as
mfˆ =
vˆ
v
mf . (3.12)
In Fig. 2, we sketch the spectrum of holographic twin Higgs model in the presence of a relatively
light dilaton/radion state φ(x) which provides a portal between the SM and twin sectors, along
with the usual Higgs portal.
The Higgs coupling to gluons
The effective coupling of the Higgs to gluons is crucially important for calculating the Higgs
production cross-section. It is well known that in composite Higgs models this effective coupling
is modified due to the pseudo-Goldstone nature of the Higgs, and that the correction depends
strongly on the form of the couplings to the colored top-partners. This has been studied both
in the 4D [63–65] and 5D [66] contexts where the results match once one properly considers
the presence of all relevant top-partners. Here we will consider the effective description of our
holographic top sector, in which the left-handed top quark resides in an 8 of SO(8), the right-
handed top quark resides in a singlet, and vector-like top-partners appear both in the 8 and in
the singlet. It suffices here to only consider the SO(4) subgroup of SO(8) corresponding to the
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SM custodial symmetry, thus we write the SM left-handed doublet embedding as
QL =
1√
2

ibL
bL
itL
−tL
 , (3.13)
with the vector-like top-partners embedded in the fourplet as
Ψ4 =
1√
2

iB − X˜
B + X˜
iT + iX
−T +X
 . (3.14)
The right-handed top, tR, and the remaining vector-like top-partner, Ψ1, are simply singlets
of this SO(4). Denoting the SO(4) Higgs components of the Goldstone multiplet as Σ4 =
f(0, 0, 0, sh)
T in unitary gauge, we can write down the effective theory for the top-sector as
L = yQ¯LΣ4tR + y1Q¯LΣ4PRΨ1 + y2Ψ¯4Σ4tR +m4Ψ¯4Ψ4 +m1Ψ¯1Ψ1 (3.15)
where y and y1,2 are all O(1) couplings generated from the 5D localizations of the left and
right-handed top quarks in 5D, and m4,1 are the vector-like masses of the lightest top-partner
KK states. The modifications to the effective coupling of the Higgs to gluons then scales with
∂
∂h log (detM) where M is the mass matrix for the top-sector. To describe these effects we define
Rg = v
∂
∂v log (detM) as the ratio of the the Higgs coupling to gluons in the twin Higgs model to
the same coupling in the SM. Assuming y1 ' y2 ' y and m1 ' m4 ≡ mKK we calculate this to
be
Rg = v
∂
∂v
log (detM) '
√
1− v
2
f2
(
1 + 2y vmKK
1 + y vmKK
)
'
√
1− v
2
f2
(
1 +O
(
y
v
mKK
))
. (3.16)
Given that we assume mKK & O(5) TeV due to the twin Higgs mechanism alleviating fine-tuning
constraints, the v/mKK effects can be safely neglected. The Higgs coupling to twin gluons can
be obtained through a simple exchange of sh ↔ ch due to the Z2 symmetry,
Rgˆ = v
∂
∂v
log
(
detMˆ
)
' v
f
(
1 +O
(
y
v
mKK
))
, (3.17)
where Rgˆ is the ratio of the SM Higgs coupling with the twin gluons to its coupling with the SM
gluons, and Mˆ is the mass matrix of the twin-top sector. This is at least valid when only the
twin top quark is heavier than the Higgs, which is certainly true for the ranges of f/v considered
in this paper.
4 Dilaton portal phenomenology
In this section we present a detailed study of the phenomenological implications of the presence
of a dilaton/radion portal in the twin Higgs model. Although the pseudo-Goldstone Higgs field in
the holographic twin Higgs model arises from a bulk gauge field, the dilaton/radion couplings to
mass terms are more closely related to the case of a brane-localized Higgs field than a bulk Higgs
field. This is because the electroweak symmetry breaking is triggered by boundary conditions on
the IR brane, and in fact the pseudo-Goldstone Higgs field can be shifted to the brane via bulk
gauge transformations.
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The couplings of the dilaton/radion to the SM and its mirror sector states are straightforward
to calculate as outlined in Sec. 2.2. The loop-induced and anomalous dilaton couplings to the
massless gauge bosons are very important for the dilaton phenomenology. We collect the most
important Feynman rules for the model in Appendix A, where the universal Higgs and dilaton
couplings gh(gˆh) and gφ(gˆφ) to the SM (twin) sector are defined as,
gh ≡ vˆ
f
, gˆh ≡ − v
f
, gφ ≡ vF , gˆφ ≡
vˆ
F . (4.1)
The phenomenology of the twin Higgs model with a dilaton portal is determined by relatively
small set of parameters; mφ, f,F , and mKK; where f sets the masses of light twin sector states
and reduced couplings for the SM Higgs, F fixes the interaction strength of the dilaton with both
sectors, and mKK is the overall scale of KK modes of the both sectors which we set to O(5) TeV
such that they are out of the LHC direct reach. In addition to the above four parameters, other
important parameters of the model are the anomalous gauge coupling coefficients b’s, which we
will discuss in the following.
Decay widths and branching ratios
Now we set to calculate the partial decay widths and branching ratios of the dilaton/radion to
the SM and twin sectors. The two body decays of dilaton into the SM and twin sector fermions
are given as:
Γφψψ =
Gfg
2
φ
4
√
2pi
mφm
2
ψ
(
1− 4m
2
ψ
m2φ
)3/2
, Γφ
ψˆψˆ
=
Gˆfgˆ
2
φ
4
√
2pi
mφm
2
ψˆ
(
1−
4m2
ψˆ
m2φ
)3/2
, (4.2)
where gφ = v/F , gˆφ = vˆ/F , and the twin Fermi constant is Gˆf ≡ (v2/vˆ2)Gf. In the following
numerical analysis for simplicity, we take ∆Q = ∆U = 5/2 for the SM and twin sector fermions.
This choice of scaling dimensions makes the dilaton couplings proportional to the fermion masses.
In general, for light fermions these scaling dimensions differ from 5/2, however, such deviations
are less relevant for the dilaton phenomenology. Moreover, in our numerical analysis we have
allowed off-shell decays of the heavy fermions (the SM and the twin top quarks).
The dilaton/radion partial decay width to on-shell massive SM gauge bosons is,
ΓφV1V2 =
Gfm
3
φ g
2
φ
8
√
2pi SV
λ
(
x1, x2
)[
λ2
(
x1, x1
)
+ 12x1 x2
]
, (4.3)
where λ(x1, x2) ≡
√
(1− x1 − x2)2 − 4x1x2 with x1,2 = m2V1,2/m2φ. SV is a symmetry factor
which for identical gauge bosons is 2, while otherwise it is 1. We also include the dilaton decays
with off-shell massive gauge bosons, which allows for three and four-body decays of the dilaton.
Similarly, for the twin massive gauge bosons partial withs Γφ
Vˆ1Vˆ2
are given by the analogous
expressions by replacing Gf → Gˆf, gφ → gˆφ, and mV → mVˆ . The partial decay widths of the
dilaton to the SM and twin sector massless gauge bosons are,
Γφgg =
Gfα
2
qcdm
3
φ
16
√
2pi3
c2g, Γ
φ
gˆgˆ =
Gˆfαˆ
2
qcdm
3
φ
16
√
2pi3
cˆ2gˆ, (4.4)
Γφγγ =
Gfα
2
emm
3
φ
128
√
2pi3
c2γ , Γ
φ
γˆγˆ =
Gˆfαˆ
2
emm
3
φ
128
√
2pi3
cˆ2γˆ , (4.5)
ΓφZγ =
G2fαemm
3
φm
2
Z
16pi4
s2θc
2
θ
(
1− m2Z
m2φ
)3
c2Zγ , Γ
φ
Zˆγˆ
=
Gˆ2fαˆemm
3
φm
2
Zˆ
16pi4
s2
θˆ
c2
θˆ
(
1− m
2
Zˆ
m2φ
)3
cˆ2
Zˆγˆ
, (4.6)
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where the c couplings are defined as,
cg =
∣∣∣beff3 + 12F1/2(τi)∣∣∣ gφ , cˆgˆ = ∣∣∣bˆeff3 + 12F1/2(τiˆ)∣∣∣ gˆφ , (4.7)
cγ =
∣∣∣beffem + (e2iN icF1/2(τi)−F1(τi))∣∣∣ gφ , cˆγˆ = ∣∣∣bˆeffem + (e2iˆN iˆcF1/2(τiˆ)−F1(τiˆ))∣∣∣ gˆφ , (4.8)
cZγ =
∣∣∣beffZγ + 12(A1/2(τi)+A1(τi))∣∣∣ gφ , cˆZˆγˆ = ∣∣∣bˆeffZˆγˆ + 12(A1/2(τiˆ)+A1(τiˆ))∣∣∣ gˆφ . (4.9)
The effective beta-function coefficients are defined in Eq. (2.18) and their explicit values are
given below. The loop functions F1/2(τi), F1(τi), A1/2(τi) and A1(τi) are given in Appendix A,
and τi ≡ 4m2i /m2φ with the index i denoting the particles in the corresponding loop. The dilaton
partial decay width to a pair of Higgs bosons is,
Γφhh =
g2φhh
32pi
1
mφ
√
1− 4m
2
h
m2φ
, (4.10)
where the trilinear coupling gφhh is given by,
gφhh =
m2φ
F
(
1 + 2
m2h
m2φ
)
. (4.11)
There are two types of contributions in the dilaton couplings to the massless gauge bosons.
The first type of contributions arise from diagrams containing loops of SM or twin sector par-
ticles, these are included in the expressions above with the loop factors. The second type of
contributions are purely due to the running of the gauge couplings which are parameterized by
the beta-function coefficients bi, defined as βi(gi) = big3i /(16pi
2). These effective coefficients beffi
are parameterized as beffi ≡b<i − b>i , where the b<i and b>i correspond to the IR and UV contribu-
tions to the beta-functions for the energy scales 0≤µ≤ΛIR and ΛIR≤µ≤ΛUV, respectively, and
ΛIR(UV) is the IR (UV) cutoff. In the mirror twin Higgs model the gauge couplings are assumed
to be equal at low energy, and we speculate that this symmetry remains intact up to the UV
with the gauge couplings running the same in both sectors. The reason that these coefficients
are the same in the SM and twin sectors can be traced back to the Z2 symmetry relating the
masses and couplings of the SM and twin states. Hence, in the MTH model the beta-function
coefficients of the two sectors are the same, i.e. bˆi = bi. However, the values of these b<i and
b>i coefficients of the beta functions are highly model dependent as they depend on the number
of states contributing to the gauge coupling running due to the IR and UV dynamics. In our
convention, we consider the IR contributions to the b<i terms as arising from all of the low energy
SM and twin states, regardless of their degree of compositeness. Hence the b<i in this model is
equal to their corresponding SM values, i.e.
b<3 = bˆ
<
3 = −7 , b<2 = bˆ<2 = −
19
6
, b<1 = bˆ
<
1 =
41
6
. (4.12)
Furthermore, in this work we assume only the right-handed top quark and all the Goldstone
bosons (including SM Higgs doublet) of the two sectors are composite, i.e. localized on the IR
brane. Whereas, all the remaining SM and their twin sector states are assumed to be partially
composite, i.e. localized on the UV brane or in the bulk. The fields localized on the UV brane
or in the bulk contribute to the b>i terms, and as well as the contributions from bulk gauge
kinetic terms proportional to volume factor 1/(kL). What is unknown in these composite models
are the UV sources b>cft associated with the dynamics of the CFT breaking contributing to b
>
i .
Therefore, in the following we consider two benchmark cases for the contribution due to the UV
dynamics:
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Figure 3: Branching ratios of dilaton to the SM and twin sectors as a function of its mass for the choice
of parameters f/v = 4(left-panel), 6(right-panel) and mKK = 4 TeV. For the anomalous contributions
to massless gauge bosons we take values of b-coefficients for case-A. The solid curves represent the SM
branching fractions, whereas, the corresponding twin curves are dashed (faded) and are summed into the
gray dashed curve.
Case-A: We assume that the CFT dynamics cancel the contributions from the partially composite
states and the bulk contributions proportional to 1/kL, such that the total UV beta-
function coefficients are zero, i.e. b>i = bˆ
>
i = 0. Hence, in this case, the total contribution
to the effective b-coefficients beffi ≡b<i − b>i are
beff3 = −7 , beff2 = −
19
6
, beff1 =
41
6
. (4.13)
Case-B: In this case we assume that the UV contributions from the CFT dynamics are zero (or
negligible), i.e. b>cft = bˆ>cft = 0. Therefore, the total UV contributions then arise solely
from the running of the gauge couplings in both sectors due to the partially composite
fields (bulk or UV-brane localized) and the bulk contribution due to volume factor, i.e.
b>3 = −22/3 + 2pi/(αqcdkL), b>2 = −10/3 + 2pi/(αemkL), and b>1 = 52/9 + 2pi/(αemkL).
Hence the total effective b-coefficients beffi using Eq. (4.12) are
beff3 =
1
3
− 2pi
αqcdkL
, beff2 =
1
6
− 2pi
αemkL
, beff1 =
19
18
− 2pi
αemkL
. (4.14)
Note the bulk contribution is proportional to the inverse of the 5D volume kL which arises
from the integration over the 5D bulk profiles of the gauge fields.
The branching ratios for the dilaton state to the SM and the twin sector as a function of
dilaton mass are shown in Fig. 3, for the parameter choices f/v = 4 (left-panel) and f/v = 6
(right-panel), and mKK = 4 TeV. Note that the dilaton branching fractions are independent of
scale F . The massless gauge boson branching ratios are those for the values of b-coefficients in
case-A. The analogous plots for case-B are similar. Without invoking too much fine-tuning on the
parameters of the effective potential for the dilaton, we assume in this work a dilaton mass in the
range [200−2000] GeV. Such an assumption can be made based on estimates of the dilaton/radion
mass from 5D RS-like models with GW stabilization mechanism, see e.g. [41, 57], where a radion
mass mφ ≈ O(0.1)mKK is obtained with natural choices of 5D parameters. Furthermore, this
dilaton mass range is also phenomenologically motivated by the fact that LHC experiments are
probing such masses with reasonably high precision.
The important lessons from the branching ratios in Fig. 3 are as follows:
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Figure 4: The twin sector (invisible) branching fraction of the dilaton as a function of mφ and f/v.
• In the mass range below [200−650] GeV the dominant BR channels for the dilaton/radion
are the SM gauge and Higgs bosons WW/ZZ/hh.
• When the twin gauge bosons WˆWˆ/ZˆZˆ channels are allowed their BRs are approximately
equal to those of the SM.
• To a good approximation the following relation between the BRs holds for large dilaton
masses (mφ≥2mVˆ )
B(φ→ hh) ' B(φ→ ZZ) ' 12B(φ→WW ) ' B(φ→ ZˆZˆ) ' 12B(φ→ WˆWˆ ) '
1
7
, (4.15)
which is a manifestation of Goldstone equivalence theorem. One can understand this result
as originating from the fact that the SM Higgs boson and the longitudinal components of
weak gauge bosons from the SM and twin sectors are all components of the same scalar
field, i.e. they are all Goldstone bosons of the same spontaneous symmetry breaking.
Furthermore, the apparent mass dependence of gauge boson couplings (see Feynman rules
in Fig. 8) are removed when we take into account the fact that the longitudinally polarized
vector wave functions are proportional to pµ/mV .
• The dilaton branching fractions to the massless gauge bosons in the both sectors are en-
hanced due to the trace anomalous and bulk contributions.
• The dilaton branching fractions to the fermions are proportional to the fermion masses,
therefore the branching fractions to the twin sector fermions are larger by a factor f/v,
which can be seen from the above figure in the bottom quark channels in the two sectors.
We note the dilaton branching fractions are independent of F and only weakly dependent on
mKK, which we have fixed to 4 TeV. However, there could be a non-trivial dependence of its
branching fractions on f/v, as the twin sector masses are directly proportional to this ratio. To
illustrate these effects we display contours of the invisible (twin sector) branching ratio of the
dilaton as a function of f/v and mφ in Fig. 4 with mKK = 4 TeV and b-coefficients of case-
A (4.13). Note that the dilaton branching ratios to massless gauge bosons are subdominant,
therefore a change in b-coefficients would not be significant for Fig. 4. We see that for larger
values of mφ more of the twin sector states become on-shell and the invisible branching ratio
increases towards ∼0.5. This occurs quicker for smaller values of f since the twin sector states
are then lighter.
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Production cross sections at the LHC
To perform the phenomenological analysis for the LHC constraints we scan over the dilaton
portal parameters mφ and F . Apart from mφ and F , we have f and mKK as the only other free
parameters of the model. Note that fixing f,F and mKK fixes k/MPl and kL as these are related
by Eqs. (3.8)-(3.9). Hence by fixing the parameters (mφ,F , f,mKK) we can fully determine the
phenomenology of the model up to the choice of b-coefficients for the massless gauge bosons.
Therefore in this sense the model is very predictive.
We calculate the production cross section of the dilaton at the LHC, adopting a strategy
similar to that outlined in [61]. The total cross-section, production×branching fraction, of the
dilaton is parameterized for different initial (i) and final (j) states as:
σiφ→j≡σ(i→ φ)·B(φ→ j) = σSM(i→ h)
∣∣
mh=mφ
· C2φi ·B(φ→ j), (4.16)
where σSM(i→h) is the SM-like Higgs boson production cross-section calculated at the dilaton
mass for i = (gg, V V ). We have calculated the SM-like Higgs cross-sections via gluon-gluon
fusion (ggF) at the dilaton mass, taking into account N3LO QCD and NNLO EW corrections
by adoption of the fortran code SusHi [67, 68] with PDF4LHC15_nnlo_mc parton distribution
functions and renormalization/factorization scales chosen to be µ ∼ mφ/2. The factor B(φ→ j)
is the dilaton branching fraction to the j final state, whereas, effective coupling Cφi is defined as,
C2φi ≡
σ(i→ φ)
σSM(i→ h)|mh=mφ
=
Γ(φ→ i)
ΓSM(h→ i)|mh=mφ
, (4.17)
where ΓSM(h→ i)|mh=mφ is the SM Higgs partial decay width evaluated at the dilaton mass and
Γ(φ → i) is the dilaton decay width in our model. In Fig. 5 we show the dilaton cross sections
σggFφ normalized over C2φgg at the LHC via the gluon-gluon fusion (ggF) with center of mass
energy 13 TeV and 27 TeV (HE-LHC). Note that the main production channel for the dilaton
is ggF, with vector-boson fusion (VBF) being subdominant in the parameter space considered.
Since ggF is the most important production channel for the dilaton at the LHC, it is instructive
to give the explicit expression for C2φgg, i.e.
C2φgg =
∣∣∣∣1 + 2beff3F1/2(τt)
∣∣∣∣2 v2F2 . (4.18)
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Figure 6: The shaded regions show current LHC exclusion bounds from the dilaton cross sections to
V V (blue) and hh (purple) on the VEV of dilaton F as a function of dilaton/radion mass for fixed values
of f/v = 4 and f/v = 6, with mKK = 4 TeV. The solid and dashed curves correspond to the HL-LHC
(
√
s = 14 TeV) and HE-LHC (
√
s = 27 TeV) reach at 95% C.L. with integrated luminosity 3000 fb−1,
respectively.
Experimental bounds and projections
The exclusion bounds in the mφ−F plane for fixed values of f/v = 4 (left-panel) and f/v = 6
(right-panel), with mKK = 4 TeV are shown in Fig. 6. The upper and lower plots are for effective
b-coefficients values of case-A and case-B, respectively. The shaded region is excluded by the
LHC run-2 data from the ATLAS and CMS experiments. The experimental constraints employed
in the our analysis are from Refs. [69–75] and [76–80] for V V =WW,ZZ and hh, respectively.
The blue (purple) shaded region represents the exclusion of dilaton to V V (hh) final state, where
V =W,Z. For the effective b-coefficients in case-A (upper-panel), the present exclusion bound
on the scale of conformal breaking F of ∼O(5−8) TeV for dilaton masses mφ=[200− 2000] GeV
is mainly due to V V and hh final states, which is to be expected as these states have the largest
branching fractions B(φ → hh) ' B(φ → V V ) ' 1/7, see Fig. 3. The constraints in all other
channels are much weaker as compared to that of the di-boson final states.
In the lower-panel of Fig. 6, we consider case-B for the values of the effective beta function
coefficients where the UV contributions are zero and the only contributions are due to the
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composite states in the IR. In particular, the QCD beta function coefficient is beff3 = 1/3 −
2pi/(αqcdkL) which is much smaller for kL ∼ 35 than the one considered in case-A, where its
value was −7. Going from case-A to B, the dilaton effective coupling Cφgg decreases by a factor
of O(3) for fixed F . This strong reduction in the cross-sections leads to a weakening of the
constraints on F by the same amount as shown in Fig. 6. For case-B (lower-panel), we see the
constraint on F is ∼ O(1−3) TeV with f/v=4−6 in most of the dilaton mass range considered.
Note by increasing the value of f/v the constraints get stronger as the dilaton production cross
section via ggF gets an enhancement. This non-trivial effect can be understood by noting that
for a fixed mKK (as in our case), increasing f reduces the value of kL (as seen in Eq. (3.8)),
which then enhances the dilaton production cross section through its dependence on the effective
coupling Cφgg (4.18). As we go from f/v=4 to 6, the direct search constraints on F get O(20%)
stronger. Since the bulk volume contribution to the beff3 is not present in the case-A (4.13)
therefore, we do not observe strong enhancement in the dilaton production and as a result there
is no significant change in the constraints on F from changing f/v : 4 → 6, see upper-panels in
Fig. 6.
In addition to the existing constraints, the solid and dashed blue curves in Fig. 6 show the
expected 95% C.L. reach due to the dilaton decaying to V V final states at the HL-LHC with√
s= 14 TeV and at the HE-LHC upgrade with
√
s= 27 TeV with 3000 fb−1, respectively. The
HL-LHC (HE-LHC) projected reach shows that the scale F will be probed at ∼10(20) TeV for
dilaton masses up to 2 TeV in case-A (upper-panel), whereas, in case-B (lower-panel) the reach
is weakened by a factor of O(3). Furthermore, in these plots the dotted gray curves show the
constraints on the scale F in the absence of twin sector, i.e. only the SM and the dilaton. We
note that the presence of the twin sector weakens the constraints on the scale F for relatively
large dilaton masses, which is expected as for a large dilaton mass the twin gauge boson channels
and twin top channels become kinematically accessible.
Global fit to the twin Higgs parameters
In these models the mixing between the pseudo-Goldstone Higgs boson and the dilaton field
is negligible, therefore, the Higgs boson behaves very similarly to how it behaves in the holo-
graphic/composite Higgs models. Except now there will be invisible decays of the Higgs to twin
sector states provided that they are kinematically allowed. The pseudo-Goldstone Higgs field
couplings to the SM and twin gauge bosons are given by
ghV V =
√
1− v2
f2
gSMhV V , ghVˆ Vˆ = −
√
1− v2
f2
gSMhV V , (4.19)
where gSMhV V =2m
2
V /v. The Yukawa couplings of the SM Higgs to the fermions in both sectors are
slightly more involved, but can be calculated from the form factors in the effective Lagrangian.
They are found to be approximately
ghψψ = ∂vmf
∣∣∣
pE→0
'
√
1− v2
f2
mψ
v
=
√
1− v2
f2
gSMhψψ ,
ghψˆψˆ = ∂vmψˆ
∣∣∣
pE→0
' − v
f
mψˆ
vˆ
= − v
f
gSMhψψ ,
(4.20)
where gSMhψψ =mψ/v. The loop induced couplings of the Higgs to gluons receives contributions
primarily from the top quark and can be expressed simply as (see also Sec. 3),
ghgg '
√
1− v2
f2
gSMhgg (4.21)
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while the loop induced coupling to photons involves loops of both the top quark and W bosons.
Through the couplings to the twin quarks the Higgs will also couple to the twin gluons and the
twin photon. For more details on the loop induced couplings of the pseudo-Goldstone Higgs we
refer the reader to [63, 64, 66].
To analyse the compatibility of the SM-like Higgs boson in the composite/holographic twin
Higgs models with the data from the LHC experiments, we calculate the cross-section times
branching fractions as,
σih→j≡σ(i→ h)·B(h→ j) = σSM(i→ h) · C2hi · B(h→ j), (4.22)
where for i = (gg, V V ) the effective SM Higgs couplings in the model are
C2hgg = C2hV V = 1−
v2
f2
.
The SM Higgs signal-strength measurements and its couplings in many production and decay
channels have been measured with impressive precision at the LHC Run-2 and they provide
stringent constraints on BSM models. We perform a global χ2 fit to the Higgs signal strength
measurements, defined as production×branching fractions relative to those of the SM expecta-
tion, i.e.
µij ≡
σ(i→ h)·B(h→ j)
σSM(i→ h)·BSM(h→ j) = C
2
hi
B(h→ j)
BSM(h→ j) . (4.23)
This is performed with Lilith-2 [81, 82] which incorporates all of the relevant LHC Run-2 data.
For the global χ2 analysis Lilith-2 employs variable Gaussian and Poisson likelihoods with
full LHC Run-2 data from ATLAS and CMS for 36 fb−1. For details on the implementation of
Lilith-2 and experimental data used, see Refs. [81, 82].
In Fig. 7 we summarize the constraints from the SM Higgs measurements on the model as a
function of f/v. Note that f/v is the only parameter relevant for these measurements in this model.
The blue curve shows the SM Higgs signal strength measurement µggFV V where V = W/Z with left
y-axis markers. Whereas, the ∆χ2 fit to the SM Higgs signal strength measurements is shown in
red curve with markers on the right y-axis. The green curve shows SM Higgs invisible branching
fraction B(h→ inv.), i.e. the SM Higgs decays to the twin sector (markers are w.r.t. left y-axis).
We also show with dashed light-red 2σ and 3σ lines for the ∆χ2 fit to the Higgs data. Note
that ∆χ2 at 3σ already pushes f/v & 4 which corresponds to about 10% fine tuning. The gray
dash-dotted vertical lines show fine tuning required in the twin Higgs model, i.e. ∆ft≡ 2v2/f2.
It is projected that the Higgs signal strength measurements at the HL-LHC would push the scale
further up to f/v & 6 corresponding to a fine-tuning less than 5%.
5 Conclusions
Twin Higgs scenarios provide an enticing alternative to the more widely studied frameworks of
minimal composite Higgs and supersymmetric models. With their ability to elegantly explain
a little hierarchy between the electroweak scale and a new physics scale, they are perhaps one
of the best motivated new physics scenarios to probe at the LHC. In this paper we consider a
strongly interacting twin Higgs model, where the UV theory is approximate scale invariant. This
model predicts a relatively light dilaton in the low energy EFT, which provides a portal between
the SM and twin sectors. This opens up a new avenue in twin Higgs phenomenology, where we
demonstrate that the presence of a twin sector can have dramatic effects on the phenomenology
of a dilaton state with mass near TeV scale.
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Figure 7: In this plot we summarize our results for the global fit of the SM Higgs data from LHC Run-2
as a function of f/v. The blue curve shows the SM Higgs signal strength measurement µggFV V with the
markers on the left y-axis, and the red curve shows the ∆χ2 fit values to the SM Higgs signal strength
measurements with the markers on the right y-axis. The green curve shows the SM Higgs invisible
branching fraction B(h→ inv.), i.e. the SM Higgs decays to the twin sector (markers are w.r.t. left
y-axis). We also show with dashed light-red 2σ and 3σ lines for the ∆χ2 fit to the Higgs data. The
dash-dotted vertical lines show the estimated fine tuning required in the twin Higgs model.
We started with a discussion of a UV completion of the twin Higgs mechanism through a
strongly coupled scale invariant UV theory, and derived the low energy theory based on mini-
mal global/scale symmetry conditions designed to produce the required matter structures. The
presence of approximate scale invariance in the UV leads to the introduction of a new degree of
freedom in the IR, the dilaton field. The fact that this field lives close to the compositeness scale
introduces an even richer phenomenology for the new physics sector. Based on symmetry and
scaling arguments we derive the form of the interactions that this dilaton field should have within
the SITH model. The results thus far had been quite general, however a calculable framework
in which to constrain the parameter space of these models is preferred, therefore we then intro-
duced the 5D holographic twin Higgs model [23]. The AdS/CFT correspondence tells us that
these holographic models based on the RS-like geometry with a stabilization mechanism should
mimic the effective theory of a strongly coupled scale invariant gauge theory which confines in
the IR (∼ TeV). We detailed the construction of the twin Higgs model in this 5D framework,
where the introduction of the dilaton field occurs naturally in the guise of the radion field. In-
teractions between the dilaton/radion field and the states in the twin Higgs model are derived
and approximate relations for the couplings and branching ratios are given. We find that the
parameter space of the model is covered by four parameters, (mφ,F , f,mKK), and from here we
perform our analysis.
We begin the analysis with a study of the branching ratios and show the impact that the
presence of the twin sector has. As expected, for large dilaton mass the branching ratio to SM
states reduces to roughly 50% of what it would be were the twin sector not there, this can have a
considerable effect on the radion phenomenology. We proceed to compute the exclusion bounds
(Fig. 6) on the scale F for differing values of f/v, demonstrating that the current bounds lay
only the range O(few) TeV, aided through the presence of the twin sector states. In fact we
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see a significant effect on the exclusion bounds when going only from f/v = 4 to f/v = 6.
Furthermore, we illustrate the significance of IR and UV contributions to the running of gauge
couplings in this model which define the dilaton couplings to massless gauge bosons. In the same
plot we presented the projected reach of HL-LHC (14 TeV) and HE-LHC (27 TeV) with 3000fb−1
at 95% C.L. demonstrating that these LHC upgrades could take the bound on F to O(10) TeV
even with the presence of the twin states. Lastly we considered possible constraints on f/v due
to deviations in the Higgs boson’s couplings and its invisible decays, since in the presence of the
twin sector the Higgs boson can now have an appreciable invisible decay width. Performing a
global χ2 fit to the Higgs signal strength measurements we find that at 3σ we already require
f/v & 4.
In this paper we have performed a detailed study of dilaton phenomenology in a composite
twin Higgs model, using the holographic correspondence as a tool to provide a calculable frame-
work in which to do so. The results of the study not only provide the current bounds on the
model parameters, but also demonstrate the power that increased precision on Higgs coupling
measurements and increased sensitivity in resonance searches will have on the parameter con-
straints. It is straightforward to generalize our results to other neutral naturalness models with
strongly coupled UV completions.
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A Feynman rules
In this Appendix we present the Feynman rules for the dilaton in a SITH model. We derived the
Feynman rules in Fig. 8 under the assumption that corrections in the dilaton couplings to the
massive fermions and gauge bosons of the SM and twin sectors due to the explicit breaking of CFT
in the UV are negligible. This assumption is verified in both the CFT and holographic pictures
in Ref. [35, 42], see also [41]. It was shown in [35, 42] that these corrections are proportional to
m2φ/F2 or m2φ/m2KK, hence in the limit when the dilaton is relatively light, as in our case, one
can neglect these corrections. Regarding the dilaton couplings to massless gauge bosons in the
both sectors, in Sec.4 we consider two cases for the UV contributions from the CFT breaking
in the running of gauge couplings, i.e. the effective b-coefficients. In Fig. 8 we collect all the
relevant three point vertices for the dilaton portal phenomenology in the composite twin Higgs
models.
Following the notations of the Higgs Hunter’s Guide [83], the form factors F1/2, F1, A1/2
and A1 employed in the Feynman rules (Fig. 8) are
F1/2(τi) = −2τi
[
1 + (1− τi)f(τi)
]
, F1(τi) = 2 + 3τi + 3τ(2− τi)f(τi), (A.1)
A1/2(τi, κi) =
−eiN ic
sin θw cos θw
(
1− 4ei sin2 θw
)[I1(τi, κi)− I2(τi, κi)], (A.2)
A1(τi, κi) = −cos θw
sin θw
[
4
(
3− sin
2 θw
cos2 θw
)
I2(τi, κi)
+
(
(1 + 2/τi)
sin2 θw
cos2 θw
− (5 + 2/τi)
)
I1(τi, κi))
]
, (A.3)
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Figure 8: Feynman rules for the SM and twin sector particles coupling with the SM Higgs h(x) and the
dilaton/radion φ(x) in the low energy effective theory of a dilaton portal composite twin Higgs model. In
our notation the effective beffi ≡ b<i − b>i are the coefficients of the gauge coupling beta functions defined
as, βi(gi)=beffi g3i /(16pi2), where i=3, 2, 1 corresponds to gauge couplings of SU(3)c, SU(2)L, and U(1)Y ,
respectively, and are defined in Eq. (2.18). The triangle loop functions are given in this appendix. The
hatted quantities represent the twin sector.
where τi ≡ 4m2i /m2φ, κi ≡ 4m2i /m2Z , and
I1(τi, κi) = τiκi
2(τi − κi) +
τ2i κ
2
i
2(τi − κi)2
(
f(τi)− f(κi)
)
+
τ2i κi
(τi − κi)2
(
g(τi)− g(κi)
)
, (A.4)
I2(τi, κi) = − τiκi
2(τi − κi)
(
f(τi)− f(κi)
)
, (A.5)
f(τi) =
arcsin2
(
1/
√
τi
)
, if τi ≥ 1,
−14
[
ln
(1+√1−τi
1−√1−τi
)− ipi]2, if τi < 1, (A.6)
g(τi) =

√
τi − 1 arcsin2
(
1/
√
τi
)
, if τi ≥ 1,
−
√
1−τi
2
[
ln
(1+√1−τi
1−√1−τi
)− ipi]2, if τi < 1. (A.7)
The subscript of Fs and As indicates the spin of corresponding particle in the loop, i.e. s=1/2
corresponds to quarks for QCD, and quarks and charged leptons for QED; whereas, s=1 implies
charged gauge bosons, i.e. W±. The corresponding twin sector loop functions are straightforward
to obtain from the above generic formulae by appropriately replacing the masses, couplings, etc.
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